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Outline (today’s lecture)

1. History of neutrinos

2. The discovery of neutrino oscillations

3. The current landscape of neutrino oscillation experiments
4. Our knowledge of neutrino mixing

5. Open guestions In neutrino physics

| will be biased towards neutrino oscillation physics. But there
IS a lot more neutrino physics. We can discuss about it
anytime!
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Outline (tomorrow’s lecture)

1. Neutrino “anomalies”

2. The search for sterile neutrinos

3. The Short Baseline Program at Fermilab

4. CP violation in the neutrino sector

5. Prospects for future long baseline searches

In this case, | will be biased towards the neutrino program
at Fermilab. There Is a lot going on and it's a very exciting
time!
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Disclaimer

- There are a lot of very good neutrino physics theory,
experiments, results which | won't describe/detall

- | am sorry If | won't describe your favorite neutrino
experiment, but | needed to make choices!

4
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Beta decay before 1930

eﬂ —> | & Observed Expected
neutron — proton = spectrum of electron
3 energies energy
@
\ 2
Vo B =
E
electron z
@ eleiCy Endpoint of
spectrum

- “Beta rays” were observed as a consequence of radioactive decays

- Chadwick et al measured their spectrum and reported a continuous
distribution instead of an expected monochromatic line

- Does this mean that energy conservation is violated In this process?
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Pauli’'s desperate remedy to save energy
conservation
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) el i
neutron proto L energies
\ neutrino S
bt
£
= |
X) “ o | e
" electron Energy bt
) spectrum
Sl st ad - ?Wml?m oF P ©3%3
/ Abschrift/15.12.5 M
Offener Brief an die Grunpe der Radiosktiven bel der
Cauvereins-Tagung zu Tubingen.
Abschrift
Physikalisches Institut .
der Eidg. Technischen Hochschule Zirich, L. Des. 1930 930 I
ﬁrio;dg Glom;trasso I n 1 y Pau I

Iiabe Radioakttve Dunen und Herren, hypothesizes that in the

Wie der Ueberbringer dieser Zeilen, den ich uldvollst
ansuhbren bitte, Ihnen des n&heren auseinandersetsen wird, bin ich

el g e o R e r A e beta decay, a kind of a

verfallen um den "Wechselgats™ (1) der Statistik und den Energlesats

. MN&Y Mo, 3 . .
7 robten. Minlioh die Miglichkelt, s kinnten slekiriech neutrele “neutron” is also emitted

welghe den Spin 1/2 haben und das Ausschliessungsprinsip befolgen und
‘"heh von lichtquanten wmusserdem noch dadurch unterscheiden, dass sie
:‘dt Lichtgeschwindigkeit laufen. Die Masse der Neutronen

von derselben (rossenordmung wie die Elektronermasse sein und
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Pauli’'s desperate remedy to save energy
conservation

Dear Radioactive Ladies and Gentlemen,
as the bearer of these lines, to whom | graciously ask you to listen,
will explain to you in more detail, how because of the "wrong" statistics

of the N and Li® nuclei and the continuous beta spectrum, | have hit o December 1930,

upon a desperate remedy to save the "exchange theorem" of statistics

and the law of conservation of energy. Namely, the possibility that there PaUI| SendS a Ietter 1{0)

could exist in the nuclei electrically neutral particles, that | wish to call

neutrons, which have spin 1/2 and obey the exclusion principle and which further differ the phyS|C|StS
from light quanta in that they do not travel with the velocity of light. The mass of the .

neutrons should be of the same order of magnitude as the electron mass and in any attendlng a
event not larger than 0.01 proton masses. The continuous beta spectrum would then -
become understandable by the assumption that in beta decay a neutron is emitted in CO nfe rence In
addition to the electron such that the sum of the energies of the neutron and the "

electron is constant... Tu bl ng en

| agree that my remedy could seem incredible because one should have seen those * Pau Il IS aShamed tO

neutrons much earlier if they really exist. But only the one who dare can win and the . .
difficult situation, due to the continuous structure of the beta spectrum, is lighted by a IntrOduce a p artl C I e
remark of my honoured predecessor, Mr Debye, who told me recently in Bruxelles: 1 "

"Oh, It's well better not to think to this at all, like new taxes". From now on, every We WI I I n ever be
solution to the issue must be discussed. Thus, dear radioactive people, look and judge. e
Unfortunately, | cannot appear in Tubingen personally since | am indispensable here ab I € to d eteCt ] to
in Zurich because of a ball on the night of 6/7 December. With my best regards to you, save energy

and also to Mr Back.

Your humble servant . W. Pauli. December 1930 Conservathn (l)
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Attempts for neutrino discovery

- In 1951, Reines and Cowan built a prototype for anti-
neutrino detection called “El Monstro”

GIANT LIQUID SCINTILLATION DETECTORS _
AND THEIR APPLICATIONS* « The idea was to look for

FREDERICK REINES .
Inverse Beta Decay In
Los Alamos Scientific Laboratory, Los Alamos, New Mexico . . . .
. GENERAL CONSIDERATIONS TEADING 70 THE liquid scintillator:

DEVELOPMENT OF LARGE DETECTORS
WHEN Clyde Cowan and I started in 1951 to pursue the free neutrino,! we
knew that an essential ingredient in any successful scheme would be a solid _

or liquid target consisting largely of protons and measuring approximately V - n e +
a cubic meter. Furthermore, the events which occurred in this target had to e p

PHOTOMULTIPLIER_TUBES /
|

171 - This process has a clear
signature, given the time
coincidence between the
prompt (e*) and delayed (n
—~ capture) energy depositions

Fig. 1. Sketch of ‘El Monstro’, first Los Alamos attempt at a giant liquid scintillation
detector (1952).

CONTAINER FILLED WITH
SCINTILLATION LIQUIDS.
VOLUME, 3 cu.m
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El Monstro approved at Los Alamos National Lab

/ i
Buried signal line
for triggering release
= 40 m |

iy

\
Back fill — Vacuum
pump

Vacuum
line

:

Vacuum ——-
tank B

Los Alamos Science, Number 25 (1997)

Neutrinos interact only
weakly, so a powerful
source Is needed

- Why not a nuclear

bomb? El Monstro
would be left free falling
during the explosion,
and recovered some
days later....

- This was approved by

LANL’s director...
...but it never happened!
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The Savannah River Neutrino Experiment (1956)

Placed close to the fission
reactor of Savannah River In
South Carolina (11m from the
core)
12m concrete overburden from
cosmic rays and a smart
~d i = HlEage coincidence mechanism to
-\I“\j i suppress backgrounds
=SSV S VI - A and B are water targets for the
—— inverse beta decay doped with
Cd

. The tanks I, Il, and Ill contain the

n+i3cd - 5 Cd+y  liquid scintillator

. : 10
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The Savannah River Neutrino Experiment (1956)

Gamma rays

Gamma rays

Neutron capture

Liquid scintillator
and cadmium

Positron scope Neutron scope

113 114 '
The neutron signal is delayed by 3-10 us =~ " TPRCL IR i

Positron scope Neutron scope
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The electron antineutrino discovery (1956)

Clyde Cowan Fred Reines
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NEUTRINOS FROM FISSION FRAGMENTS BY OBSERVI [NV l ETA DECAY
OF PROTONS OBSERVED CROSS SECTION AGREES WELL WITH EXPECTED S|
TIMES TEN TO MINUS FORTY FOUR SQUARE CENTIMETERS

FREDERICK REINES AND CLYDE COWN
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Evidence for other types of neutrino?

- First accelerator based neutrino experiment!
- Alternating Gradient Synchrotron (AGS) @ Brookhaven
. p=R(p—e+7)/R(u—e+r+35) ~10% (theo) vs <102 (exp)

—

T
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Be target
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The discovery of muon neutrino (1962)

Electron showers Muon tracks

Data taken with pictures
and analyzed by hand! next to spark chamber

Melvin Schwartz standing

14
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The discovery of muon neutrino (1962)

- Leon Lederman, Melvin Schwartz, and Jack Steinberger found 34
single muon tracks originating inside the detector and only 6

electron showers
- This proves that neutrinos from muon decay and beta decay are

different.

-..\
’ﬂ .'\ oy
i , 9 7%y
o Ak
Vi o ;r. i

eon

Lederma Mel Jack

Schwartz Steinberger

1
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The DONUT experiment: discovery of v;

DONUT Detector

Identification of

Calonmeter determines
energy of decay products

DONUT v, event
Diift chambers record Flight Length:280um
decay particle tracks
Magniet spreads track /S
agn a0ds 5 4
ch?largesﬁrSarﬁcles v,r T/ \
/ i = - cenw -
................................... » &""-'6':::::..‘...‘... \..
::..:::__\ ---- -am ‘-"“:-.:!:\
Emulsion target SR -.om..
with ;I:#&s g : \ . \." ......
scintillation fibers .
Steel shield o
block particles
otheEr than N
neutinos . .
’_Iron. L o
Ammass 1 N OB
Emulsion

DONUT Detector for
direct observation of
tau neutrinos (V)

. After the discovery of the 1 in the 70’s, the hunt for v: started!
- DONUT operated at Fermilab in 1997 using the Tevatron
. proton beam

- The 1is heavy (~1.7 GeV) so its production requires the decay of charmed
mesons

- In 2000, 4 candidate events identified with a 0.2 background expectation

: 16
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How many neutrinos?

Precision measurements of the Z width at LEP showed that there are
3 lepton families (and thus 3 weakly interacting neutrinos)

i 2V
' ALEPH
30 k DELPHI
il ! L3
OPAL
E‘ L
S 20
-
£ | ¢ average measurements,
@) error bars increased
by factor 10
10
() PYBEN O YO (I 7l A PR [T S SR T— |

86 88 90 92 94
E_ [GeV]

cm
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The Standard Model picture

Standard Model of Elementary Particles

threeger;;rfrgi;ssffmatter ° Dyn amlcal defl n |t|0n Of
| [ 1 neutrinos:
| ...f..{. ;-25'2 Mewlcj ;z.zseexg ;Ii?a.l Getwc z ;125.095: 1 Ve,S are produced In
\ e - @[ weak Interactions
up charm top gluon Higes associated to
d S b ; » electrons
1/2 1/2 1/2 1 / 2. V”!S are produced In
down )| _stranee J{_bottom ) {_photon weak interactions
:;;.,511 Me'yg =1105.66 Me\/c? *11-??53 GE':“:CJ ;51'19 Gevic: aSSOCIatEd to m u O n S
1/2 1/2 l'l 1/2 1 ; 3_ VT,S are pI’OdUCed In
electron || muon tau Zboson weak interactions
v v v[ associated to taus
- @ |- @ |- @ || W . Is that it?
feutrino || neutrino || neutrino | | Wboson

. : 18
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Solar neutrinos

pp chain (99%) BN 200,000 years
pp pep / .
e s Y &
| 99.76% U | U |
2H+p —>» 3He +y
83.30% U U .
He + He —> “He + 2p *He + *He —> "Be +y
pp! 9988% | 'l
‘Be + e —> ’LO ‘Be+p —> 8B +y
— Beryp |
‘Li+p —>» 2%He 8B —>» 2 %He + e
ppll 7 pplll o B8

CNO cycle (minor contribution)

Neutrinos zip though quickly

@ The Sun is powered by nuclear fusion
@ CNO reactions. 4p become a a nucleus releasing

J
‘ 0
g “N V7
Y H
'H

. . . _ 19
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Solar neutrino spectrum
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The Homestake experiment

. At the end of the 60’s, John
Bahcall had a solid theory for
describing the Sun, and Ray
Davis decided to test it by
measuring directly solar
neutrinos

- 615 tons of C2Cla
(perchloroethylene)

- EXxpected ~8 captures per day
In the whole volume (threshold
814keV)

. 3’Ar decays with T12 of 35 days

37

Ve + Cl> e + Ar

: : 21
L. Di Noto, S. Marcocci Summer School on Symmetries, Fundamental Interactions and Cosmology 2018



The Homestake experiment
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- The experiment was located 1480m underground in the Homestake Gold Mine at
Lead, South Dakota

- There is a complex system to recover just a few atoms of 3’Ar in tons of C2Cl4

- 3’Ar decays by EC and emission of ~2.8keV Auger electrons from the K shell

- 3’Ar decays identified in miniature proportional counters filled with Ar and ~7% of

CHa4

L. Di Noto, S. Marcocci
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https://www.sciencedirect.com/science/article/pii/0146641094900043

Results from the Chlorine experiment

10

SNU

0

___________ Theory o
] 1 TN
“_..._ I ﬂ{/ﬁf s | -{+
[ il
rlrl i NM“ T , JH l

L. Di Noto, S. Marcocci

1SNU = 10-3°
captures per second
per3’Cl atom

Is John Bahcall
wrong?

.- Are Ray Davis and

his experiment
wrong?

- Why are we missing

neutrinos?

: 23
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More data pointing to the “solar neutrino problem”

Total Rates: Standard Model vs. Experiment
Bahcall-Pinsonneault =000

- More experiments observe
the solar neutrino deficit at
- different neutrino energies:
7o ~ . -::5 . Water Cerenkov detectors
e LU
(e.g. SuperK)
- Gallium experiments
(GALLEX and SAGE)

1

\

,_...H_.\,.,_

A

i A

xl"k,_‘ o5
_\:\.-"'\..\. "':'\'.

[Eiat 7477 : .
Z e - Gallium based experiments
UATE0.02 have a very low threshold
oesnE (233keV) and are sensitive
mostly to pp neutrinos (same
Superk fomioks  GacE CALLEY & GG conce_pt as the Chlor_lne
o1 H.0 experiment, but Gallium based)
Theory '‘Be m@ PP PP Experiments mm
‘B CHNO 71

V, + Ga—> "‘Ge+e"
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The Sudbury Neutrino Observatory

SNO was built in the 90’s, ~2km underground in
Creighton mine, near Sudbury, Ontario, Canada

It was filled with ~1000 tonnes of ultra pure heavy
water (D20) in the inner core. Standard water outside.
- Cerenkov radiation induced by electrons produced by
solar neutrinos (with E>7MeV) was detected by 9600
PMTs

: 25
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SNQO'’s “secret” weapon

Being filled with heavy water, SNO can detect neutrinos through
different reactions:

Ve +d —->p+p+e (CC) Vo+d-p+n+e (NC) a=eur
sensitive to ve only, protons are sensitive to all neutrinos. The

below Cerenkov threshold and not neutrons Is then captured on
observed. Threshold ~1.4MeV. deuterium, releasing a ~6.3MeV vy.

Threshold 2.2 MeV.

vyt+e v, +e (ES) a=eur

sensitive to all neutrinos, but most of the contribution
comes from the CC channel for electron neutrino (6
times bigger than NC). Same rate in inner core filled
with heavy water and outer core filled with regular
water.
No threshold.

Later phases of the experiment used 3°Cl or 3He in the inner core to
enhance the neutron detection efficiency

. : 26
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SNO’s results

Total Rates: Standard Model vs. Experiment

Bahcall-Pinsonneault 2000 _I"\ 8
0}
a
|E 7
+13 Q
7.6+13 ° 6 ‘
_ 1.01020  1.01922 o
/ y—
0 “';1 5
-e_ B
4=
0.48+0.02| =
2.56+0.23 [ —
2
1
SuperkK ~ N
Cl 2}_{20 O T T T T | T T T | T T 1 T | T T T T | 1 T
Theory ™ 7Be mm P~P. P€P Experiments mm 0 1 2 3 4 5 6
8B I CNO Uncertainties q)e (106 cm'z S_l)

The neutrinos are there! Davis and Bahcall were both right.
“‘Simply”, they are not all electron neutrinos

: : 27
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Super Kamiokande
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In the 90’s, a 50kton ultra pure water Cerenkov detector was built ~1km

underground in Kamioka’'s mine
Super-Kamiokande’s (Super-K) main purpose was the search of proton decay

11000 20’ PMTs look at Cerenkov rings from all directions in the water

. . . _ 28
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Atmospheric neutrinos

- Super-K also reported evidence of the solar
neutrino problem and measured most precisely the
8B solar neutrino flux

- One of the backgrounds for the proton decay
search was due to atmospheric neutrinos
(E~GeV), so it was critical to assess it

- Neutrinos produced on the other side of the Earth
travel more distance before hitting Super-K with
respect to those produced just above Japan

p, He

\ Distance to SK
vl 10~30km

| Top of the atmosphere

/ : Distance to SK
H

p, He ... / maximum 13000km
p, H

: : : _ 29
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Super-K atmospheric results
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SK-I+l1+l11+1V, 4581 Days

1500 | Prediction ] 300F E
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» 1000 *_‘-__:H_ré-# 2004 ]
= 500} E
c SK Data
Q 500V, V. 1 100E R
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0 . . 0 .
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From T. Kajita's presentation at the
conference “Neutrino 1998”

Up going muon neutrinos are
suppressed (electron neutrinos are
not) with respect to down going
Together with the solution of the
solar neutrino problem, this is
evidence for neutrino oscillations!

. : 30
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Another neutrino Nobel prize!

Arthur B. McDonald

Prize share: 1/2 Prize share: 1/2

The Nobel Prize in Physics 2015 was awarded jointly
to Takaaki Kajita and Arthur B. McDonald "for the
discovery of neutrino oscillations, which shows that
neutrinos have mass."

. . . _ 31
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Neutrino mixing or something else?

- Are SNO and Super-K results (yet very important)
enough to convince ourselves that neutrino oscillations
are what is going on?

l.e. IS It the same physics generating both
phenomena?
It could be some different physics beyond the SM...
If neutrinos oscillate, one must observe both
disappearance and appearance, in many different
configurations
| will try and explain why we need many neutrino
osclillation experiments and why they are all different
and important

. : 32
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New physics!

- The picture of neutrino oscillations and mixing now
looks fairly well established...

- Nonetheless, this Is the only evidence (so far) of
physics beyond the Standard Model!

Stephen Weinberg at
the SLAC summer

Q: “What gives you hope that we institute earlier this

could achieve anything like what
you guys achieved In
constructing the Standard Model
today?”

summer

A. “The obvious answer is neutrino masses,
which | think clearly take us beyond the standard
model, and clearly represent something coming
down from a very high energy scale.”

. . . _ 33
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Leptonic mixing

Lepton flavors are superpositions of mass eigenstates

Ve Uel Ue? UE€3 V1
VHJ — Uﬁl Up:2 Uﬁg V9
Vr UTl UT2 UT3 V3

Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix

Convenient parameterization:

1 0 0 C13 0 .5'138_2'5 C12 s1o0 0 1 | 0 0
U — 0 C923 5923 0 ' 1 0 —812 C12 0 0 813{1/2 0
0 —s93 93 — 813 616 0 C13 0 0 1 0 0 6ia2/2
“atmospheric” “reactor” “solar”

U is unitary, and being 3x3 has, as free parameters:

3 angles + 1 CP violating phase if neutrinos are Dirac particles

3 angles + 1 CP violating phase + 2 Majorana phases if neutrinos are Majorana
Oscillations are not sensitive to a1 and aa!

. _ 34
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More on the PMNS matrix

Quark Mixing Elements Lepton Mixing Elements
Ve Uel U82 UE3 V1
Vr UT 1 UT2 UT3 V3

Mixing in the lepton sector is large!

Understanding the PMNS matrix:

1. The “e row" gives the linear combination of mass eigenstates
that couple to ve

2. The "1 column” shows the linear combination of charged lepton
mass eigenstates that couple to v

R i muon-neutrino s
electron-neutrino —_ tau-neutrino

S Q Y, u

: L 4" T -
i + + : +

n p ? n p ! n p
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Oscillation probability

a = [ = “disappearance”

Pva%va (t) Z\(Vﬁ\vﬂ(th a # B = “appearance”
=0q5 — 4 ; %(U;iUﬁanjUEj) SiIl2( ATE%L)
+2 Z S(UgiUsiUqjUg;) sin( ATE%L)
>3
Amiy =it —mi ST g g Sl

Neutrino osclillations require neutrino masses*

*technically, NSI would also make the trick, but the huge phenomenology observed is difficult to explain with NSI.
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What do we know about neutrino masses?

m? m?

R — N - Two possibilities are open,
NO v. 10 depending on the sign of Ama23?:
= 1. Inverted Ordering (or Inverted
. . Hierarchy, historically)
B I -, .
S Tsc,]m,,.?xm—ﬁwz g 2. Normal Ordering (of Normal
atmospheric T p—— Hierarchy)
~2x107%eV? atmospheric We know neutrino masses are tiny
m,2l — ~2x107%eV?2 (the sum is less than ~0.2 eV) but
B . -5 . .
solar~7x107eV2 | ) we do not know which is the
I I A I ——ﬁ*]'3
absolute mass scale
! ! - oscillations cannot probe it
Y .
0 0 Why are neutrino masses so

small? What mechanism generate
them? A Yukawa coupling to the
Higgs? Something else?

de se pe

Uu-e Cce te
Vi —®ieV,8V; ee Le Te
- " . - " vl '_]
E < Ny § c? o

. : 37
L. Di Noto, S. Marcocci Summer School on Symmetries, Fundamental Interactions and Cosmology 2018



A look at neutrino oscillations

- The critical parameter is L/E e . |

_ . _ scillation probabilities for an imitial electron neutrino
- The mass splitting determines 1.0

the frequency of oscillations In Ve

L/E (L8 v,

- The mixing angle determines
the amplitude of the oscillation

. Ik
oscllaton requencies metor ”,“;WI '““H

=

Probability
=

[=ad

the “fast component” is due to 00 ...I'i

Am232 SO0 10000 15000 20000 25000 -.[:ILIJIII' .?_': LK)
the “slow component” is due to L/E (km /Ge V)

Ami2?

Since the 2 splittings are so different,  1.267Am?(eV*)L(km) Am?(eV?)L(km)
one can conveniently use a 2 flavor E(GeV) T2 E(GeV)
oscillation approximation in many
practical cases, neglecting the effects

Induced by one of the splittings

L. Di Noto, S. Marcocci Summer School on Symmetries, Fundamental Interactions and Cosmology 2018
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Osclllations and coherence loss

from A. Smirnov

s > n

¢ =0 distance

- Eventually the wave packets

) will separate: NO more
Vv . . . 2 . .
’ Direction of motion oscillations!!!
vy - - This happens on a scale of
10%°km for accelerator
t=0 t>0

neutrinos, and 103km for

| SuperNova neutrinos
from B. Kaiser
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Current knowledge on leptonic mixing

Precision measurements

parameter best fit £ 1o 30 range
P Am?2, [10~°eV?] 7555016  7.05-8.14 |l
33 |Am?,| [107%eV?] (NO)  2.5040.03  2.41-2.60 ~
£ |Am3,| [107%V?] (I0) 242738 231251 EEE o
S e
<
S sin?6;,/10"] 320108 273379 [ ©
- ‘ Q
S sin?6,3/107! (NO) 547103  4.45-5.99 47% £
§ sin? #,,/10~1 (10) 5511035  4.53-5.98 4% &
%  sin?6;3/10~2 (NO) 216070058 106241 oo )
= sin?6;3/1072 (10) 2.22010-07¢  1.99-2.44 EEE <
i:‘? 5/ (NO) 1.324021  087-1.94 [
§/m (10) 1.56%013  1.12-1.94 G

deSalas et al, 1708.01186 (May 2018)

A slide from M. Tortola’'s talk at Neutrino 2018 in Heidelberg last June
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Are we done?

...how did we get that knowledge?

First of all, both solar (SNO) and atmospheric
neutrino oscillations (Super-K) had to be confirmed
iIndependently

Many experiments with different L/E are needed to
be sensitive to the various oscillation parameters and
mass splittings

- What is left to be discovered and measured?
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Neutrino Cross Sections

A. Schukraft, G. Zeller

§ 1.4;—
;‘ - OvA
: 1.2E -
“Po 1_—
z C TOTAL
|_|_|> O 8__ 1
3 0.4F
5 0.2F
- C 2
O L A e e ) e
107 1 10 10°
E, (GeV)
- Neutrino interactions can be complicated (we will touch this
tomorrow)
- The only point | want o GLE,  Gs IS proportional to Ev

(O
(s (s

See Formaggio & Zeller, https://arxiv.org/pdf/1305.7513.pdf
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Neutrino sources

=10%
>
= 10%

51076

-—
1

N"" 102

Sior
3
=10

1012
10716
1020
102

1 0—28

L. Di Noto, S. Marcocci

Cosmological v

Solar v
Supernova burst (1987A)

. / Reactor anti-v

Background from old supernovae

Terrestrial anti-v

Atmospheric v

v from AGN
Cosmogenic
\Y
100 1073 1 10° 10° 10° 10 10" TO®
ueV. meV eV keV MeV GeV TeV PeV EeV

Neutrino energy
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Neutrino sources

102

L} ~300 v/cm3
=107 [
= - Cosmological v .
Lo | ...30 10° inside
T - i Solar v you!
b " Supernova burst (1987A)
U108 |
™ ° I /\ Reactor anti-v But they are non
=] 4 | . . .
a0 T \.— relativistic, so
1 F Background from old supernovae difficult to
10 observe.
A Terrestrial anti-v
relic of the 10_12: Atmospheric v
Big Bang —
1076 |
i v from AGN
T~1.9K 1027
N Cosmogenic
10 24: Vv
not yet 10-28} not useful for
Observed 10—6 10—3 ‘I 103 ‘loﬁ ‘IO".—) 1012 1015 ‘IO]B OSCiIlation
directly eV meV eV keV MeV  GeV TeV PeV EeV searches!

Neutrino energy
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Neutrino sources

:%--1024
S n
= 10° [
- i Cosmological v Huge flux (60
w10 T billions per
210 | >olary second in your
' - Supernova burst (1987A) _ _
S0 | finger tip)
x i Reactor anti-v
=100 [ i .

- We can’t decide

1 F Background from old supernovae L/E

Terrestrial anti-v

Atmospheric v

v from AGN
Cosmogenic
Vv
good for
103 1 10 106 10° 10”2 10" 10" leptonic
meV eV keV MeV GeV TeV Ii’eV EeV mixin g studies
(SuperKamiokande) Neutrino energy
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Neutrino sources

SOr—T 71T 1

40 - . A Baksan
[

| 1ological v

W
o
[

Energie (MeV)

3
T

Terrestrial anti-v

Solar v
Supernova burst (1987A)

smmn
"""""""""""""""""""""""""""""
......
-----
.s "y
[4e L

.
o*

v
~4 |
.......
-----
------
---------------
---------------------------

Atmospheric v

v from AGN

Cosmogenic

L. Di Noto, S. Marcocci

1 103
eV keV

10° 10° 16" 1612 10'®
MeV GeV TeV PeV EeV
Neutrino energy

100k times
brighter than the
Sun in
neutrinos...

1-3 per century in
our galaxy?

The source Is
unknown, and
coherence is lost!

not useful for
oscillation
searches!
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Neutrino sources

e '
A -
- | - 2 -

358 mg / 100gm
> 1 million neutrinos/day

485 mg / 100gm

22 ;_ —4— Data
20— ----- Reactor neutrino
g 18 : ----- Best-fit U+Th with fixed chondritic ratio
; C Il U free parameter
5 16 Th free parameter
§ 14 ;— )
~ 12F (Borexino)
a =
s 10—
™ C
ol |y
@ -
5 °F
> -
(TR §
C -,
21
- s,
0_ ||||||l|||:_t’_|‘|||||\iv=~?‘f‘$.ll
500 1000 1500 2000 2500 3000 3500

Prompt Event Energy [p.e.]

L. Di Noto, S. Marcocci

- Cosmological v

Solar v

Terrestrial anti-v

Supernova burst (1987A)

/ Reactor anti-v

Background from old supernovae

Atmospheric v

discovered
in 2005 v from AGN
Cosmogenic
4OK’ 232Th’ 238U VQ
1 10° 106 10° 10'? 10" 10'8
eV keV MeV GeV TeV PeV EeV

Neutrino energy

baseline (L)
unknown

low flux at
relatively low
energy

not useful for
oscillation
searches!
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Neutrino sources

=102 [ Powerful and
31 oo | | with a large
T; o I Cosmological v neutrino flux
Solar v (Reins and
Supernova burst (1987A) Cowan!)

Terrestrial anti-v

Background from old supernovae

1% ..
~6 € per fission
(200MeV)

You can ~ pick
the distance from

st 72 Atmospheric v
W7 |0, searon N Cé,v@of the reartnr ~rnra
. Anti-neutrino i la. » C\;
ol - v from AGN
/O
Cosmogenic
Vv
1 1 1 1 1 1 1 1 1 1 1 1 L 1 gOOd for
I e 10° 10" 10> 10" oscillation
T G ™ MeV GeV  TeV  PeV  EeV
searches

L. Di Noto, S. Marcocci

Neutrino energy
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Neutrino sources

=10*
'> =
= 10° [

- Cosmological v

510 T Reasonably large

pelary flux at ~high
Supernova burst (1987A)
energy

. / Reactor anti-v

Background from old supernovae

Different L/E
depending on the

zenit angle
Terrestrial anti-v
Atmospheric v
a+ —
m —
Vu pt il M
— E+ — a '
Vi Ve Vo Ve Cosmogenic
Y
VE vé'l"l
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 L 1 gOOd for
1 103 10° 10° 10" 101> 1:0° Osci”ation
eV keV MeV GeV TeV PeV EeV
Neutrino energy searches
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Neutrino sources

=10*
% ,
10° 1
._E - Cosmological v ACCEleratOFS
510°F
TU! 102 : Solar v
""E X Supernova burst (1987A)
V10° T
X - Reactor anti-v
4 [
Z10° | \_—
1 F Background from old supernovae
10 r
108 F Terrestrial anti-v
: Atmospheric v
v from AGN
Cosmogenic
\Y
10° 10° 10° 10 10" TO®

keV MeV GeV TeV PeV EeV
Neutrino energy

L. Di Noto, S. Marcocci

Very large flux,
with controlled
Intensity,
energy
spectrum and
baseline!

good for
oscillation
searches
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Neutrino sources

=—10*
>
g 1020

51076

-—
1

Nm'lom
Sioe
=

=210

L. Di Noto, S. Marcocci

Cosmological v

Solar v
Supernova burst (1¢

/-\ Reactor 3
/

Background from old supernovae

not yet observed

astrial anti-v (GZK neutrinos)

Atmospheric v

v from AGN

v
\ Cosmogenic
\

103 10° 10° 102 10= 108
keV MeV GeV TeV PeV EeV
Neutrino energy

flux is too low

not useful for
oscillation
searches!
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KamLAND: search for “solar” oscillations

EE—— E— I I
3 46°N
Kisi
)
I\‘iutankiang %

Russia

Viadivostok
‘e

42°N

40°N

South Korea

n
Kashiwazaki Kariwa 38°N
e
jiegaoka Fukushima Daiichi ‘
36°N

. Fukushima Daini

| Ulchin L 4 Shik;
l I Dl

KamLAND

‘ 34°N
32°N

.
International Nuclear Safety Center at ANL, Oct 2002

L(km) e 100"
AmZ,(eV?) ———— ~. 25105 ——— ~ 50
mas (e )E(.G-e-V) 4-10-3

e averaged out..
L. Di Noto, S. Marcocci

Calibration Device

LS Balloon
(diam. 13 m)

Chimney

Liquid Scintillator/” \Z R

Containment

P f;;‘fi — \l‘ ~
Vessel ' / S

ZI TN “
////mn\\\\

(dlam. 18 m k:’;‘;\_:. PhOtO-. .
O Multipliers
g { r' 1 ‘M‘ﬂ «— Buffer Oil
o [T T bl
Outer Detector | || T B
A P re A
\ o by
Outer Detector \ / pvs

PMT

-g}": A4 = A . \{; NN N Ny

- 2700 m.w.e overburden

- 1kton liquid scintillator detector

- 1325, 17 PMTs, 554, 20’
PMTs

- average v, energy is 4 MeV

- baseline L~100 km
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"1-2 (solar) oscillations” confirmed by KamLAND

1

Am?
:1—§Sin22912 (1—008—211}) —21
P

4K

L)

Y .
. EAY ; - Inverse beta decay on H (2.2MeV y with a threshold
o " of 1.8MeV)
s S - Two neutrino oscillation (1-2) approximation holds!
CPT
g o b § P (Ve — ve) = P (e — Ue) = P2 (012, Am?3

1 — sin? 26015 sin? (

o T AN o
0 1 2 3 4 5 6 7 8 9

& 100
> 80 . -
g 603— . Selection efficiency "« Data-BG - Geo v,
T S 1‘_ Expectation based on osci. parameters
n — e - determined by KamLAND

- premenees , —— KamLAND data > B +
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- ! . < ——
> - ! 'Tlgc(:ldent?f}o _8 -
g 200 ¢+ 4T : “C(a,n) et i
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Adiabatic conversion In the Sun

- When propagating in matter, electron neutrinos get a phase for
forward scattering with electrons. This affects oscillations, because
matter is made of electrons, and not of muons or taus
Effectively, the presence of the electrons changes the neutrino

propagation eigenstates

- This means that in matter the mixing is different than in vacuum: the
effective matter mixing angle depends only on the electron density!
- This is the Mikheyev-Smirnov-Wolfenstein (MSW) effect

G
H=—"% /d% Vey" (1 —5)ve (€7, (1 —75)e) Ve
V2
Va,
Phase given by the matter effect
(7.5xi0m2eV ) (5

2.4x10~3eV? (
5

b, ) Pe
MeV/ \ 100 mol/cm?

b,

\/iGFne
Am?/(2E,)

from F. Vissani

3

~ 4

\ Am?2

L. Di Noto, S. Marcocci

= c08 01y V1, + sin 01515, .

= —sin 0151/, + cos {51, .

“solar” MSW effect

o) (3 m(fl'}cmg) not yet observed
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Solar neutrino propagation

1 - P,
_ g%@ V2m ’ V2 Q’;‘Q&
. o P . Vissani, Strumia,
< P, ‘ https://arxiv.org/pdf/hep-ph/0606054.pdf
%o e
Vim 1-P. Vi
1 . . B
Vac Adiabatic matter Non-adiabatic
| diilim resonance matter effects
OSC111at101s
y>1, Pc ~0 y < 1, Pc ~cos?6
~~ 1 -2
gl-ismze—-—————-—---————--——————-—--
T
=
~
sin@ - - - - - - - - - T
0 ol B 1 | | 1 L1 1 rii 1 | | I I | | | L1 11 iil 1 | | | 1 L1 i
107! 1 10 102 10° 10 10°

Neutrino energy in MeV
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https://arxiv.org/pdf/hep-ph/0606054.pdf

Borexino @ Laboratori Nazionali del Gran Sasso

Borexino Detector

tainless Steel Sphere
Nylon Outer Vessel
Ropes Nylon Inner Vessel
Fiducial volume

External water tank —,

Steel plates
for extra
shielding

- 3800 m.w.e shielding against cosmic rays at LNGS
- active volume ~300 ton of liquid scintillator

- ~900 ton of ultra-pure buffer liquid

- 2212 PMTs detecting the scintillation light

- water Cherenkov veto equipped with 208 PMTs
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Borexino's strategy ( PRD 89 112007 (2014) )

Solar neutrino spectrum Trigger efficiency
~10 Cerenkov - — .
Ej . (minor) zg .
H ~3-5mm 7" =i
,Lm f “ L E
5 : analysis
S |' | thr.
" ' L tri
s T J ngger
o Scmt_lllat_lon . . thr.

(dominating)
: T T

Event visible energy (keV)
Energy (MeV)

. Very low energy threshold (~100 keV) and good Borexino energy spectrum (simulation)

2

_ . Cl4(40Bg)
energy resolution ~ 5% @ 1MeV = b 7 eo-viaa)
1 ]
Pulse shape a/B, B+/B- but no directionality SR/
- - . n b Be7-=v{4
. Need of superb radio-purity against Bly 8" 0
m 1 KExr85({30)
backgrounds > et ‘
4] 4 | T1208(1.5)
- Strategy: spectral fit of event energy spectrum 107 E e s oL N MT”'E“ L
= i L :J L ..-EHD_U[E";_]F__:‘.. ) L
- Requirement: accurate understanding of 107 \ ‘x\ I V===t
3 AT - N
detector’s response 107 e e S T e

Eﬁergy fMeV)
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Before Borexino

Solar Neutrino Survival Probability

L MSW-LMA Prediction
0.8:— ------- MSW-LMA-NSI Prediction
I MaVaN Prediction
B n SNO Data
0.7— — . Ga/Cl Data Before Borexino
— \\\
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o e L S
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Borexino results (arXiv:1707.09279)

—

MSW effect confirmed

O O
® ©

o
. N
o _Illlll|||||||||||||||||||| l|||||||||||||||||||||
N

0.7 PP
I 'Be

. { Pep 85

" 05
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o
—_

| | | | 1 1 1 | | | | | L1 1 1 | | |
10° 10
Energy (keV)

o

Super-K has also measured B solar neutrinos with better precision
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https://arxiv.org/abs/1707.09279

Summary on “solar” oscillations

“Disappearance”
Borexino and Super-K confirm electron neutrino
disappearance as predicted by the MSW effect

.- This was earlier observed by Ray Davis and the
Gallium experiments
KamLAND has observed consistent electron anti-
neutrino disappearance

“Appearance”
SNO has observed that the total number of neutrinos
from the Sun is fixed, and indirectly observed vy and v;

appearance

(11 - " .
- Why not “direct” observation?
L. Di Noto, S. Marcocci Summer School on Symmetries, Fundamental Interactions and Cosmology 2018 0

the picture looks consistent with
neutrino mixing and oscillations!




KamLAND vs solar
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There is a ~20 “tension”
between KamLAND and
solar experiments

|s this a statistical
fluctuation? Is it a
systematics effect?

Is there new physics (NSI)
happening in the matter?

A few more words on this
tomorrow!
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